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1964 at the Departinent of Nutrition, Food Saience and Technology, Massachusetts
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Henry A Dymsza, PhD. Steven R Tanenbaam, and Samuel A Goldblith, PhD.

This techmcal report has been reviewed and is approved.
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Abstract

The aim of these studies was the development of model compounds with wineh
information uscful in understanding energy metabohsm might be obtained to ad
in development of food for space travel. Seven-month studies feedmg rats with
1.3-butanediol have been completed. The results of these studies confirm the
utilization of this compound as an energy source. Measurement of a number ol
metabolic parameters at the completion of the study support the contention that
1.3-butancdiol is probably metabolized through carbohydrate rather than fat
pathways. Metabolism studies with 24-dimethylheptanoie acid labeled with €
in the alpha methyl group indicate that this compound as predicted is oxidized
through propionate. Design and construction detanls of the direct ammal calori-
meter are presented. Results of a himited number of studies with rats fed vanous
diets indicate that the devicee fulfills its design funcuons
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SECTION 1.
Introduction

The relationship between diet and environment represents one of the most interesting areas
of nutritional research. Modern thought in nutrition is that the environment can determine nutri-
tional need. Conversely, the diet can modify the response of the organism to its environment.
In the early years of planning for man’s entrance into space, the problems of weight and volume
were paramount. At that time, an essential requirement for this journey was a light, highly con-
centrated source of nutrients. Of the many approaches examined, one was concerned with the in-
vestigation of new and unusual nutrient sources. The principal goal in this study was the produc-
tion of high energy diets in which all or a principal portion of the energy would be supplied by
synthetic compounds having certain caloric densities greater than that of the carbohydrates and
capable of being fed at greater levels than the fats.

These investigations were divided into three sections. The first was concerned with available
compounds not normally associated with the diet. The diol, 1,3-butanediol, was selected as the
model for the group. The second approach was concerned with the design and synthesis
of new compounds capable of performing specific metabolic tasks. The fatty acid, 2,4-dimethyl-
heptanoic acid, used in these studies, was designed to supply energy equivalent to that of a fatty
acid without the usual deleterious effects associated with feeding large amounts of these materials.
The third section of this program was concerned with the design and construction of a highly
sensitive and rapid animal calorimeter for use in the study of energy metabolism.

The initial work in these studies was presented ir earlier reports (refs. 1, 2). The present
report is concerned with the continuation of these studies.

The aims of these studies were to develop model compounds with which information useful
in understanding energy metabolism might be obtained. With this information, more useful and
practical compounds may arise.



SECTION 1.
Animal Experimentation

The objectives of the animal experimentation phase of this investigation were to establish a
metabolic basis for the evaluation of potential compeunds useful as synthetic dietary energy
sources. In general, these studies have been concerned with the determimation of the metabolic
caloric density of these compounds as well as the mvestigation of the physiclogical and nutritional
effects of feeding these matenals.

Metabolic studies of two compounds are discussed. For the first, 1.3-butancdiol, the final
results of a long term gronth and metabolic study are reported . [n the case of the second com-
pound, 24-dimethylheptanoic aad, data are reported of a study in which the compound was
labeled with C'oin the alpha methy] group.

PROTEIN, FAT AND 1,3-BUTANEDIOL INTERRELATIONSHIPS
IN HIGH ENERGY DIETS

In the previous report (ref. 200 prelimimary data were reported of a 30-week study ntihzimg
rats to determine the mteractions and effects of adequate and ngh dictary levels of protem on
the utihzation of diets contwmmg vanious levels of fat and 13-butancdiol At the conclusion of
that study, samples of urine, blood, and liver were taken and used for the determmation of vanous
metabohic itermediates and products. In order to present as clear a discussion as possible, some
of the data presented i the carher report (ref. 2) are reported here: In addition a sumumary of
pertinent hiterature concermng 13-butanediol also s imcluded.

Commencing around 19449, reports on 1.3-butanediol began to appear m the Iiterature Fischer
ctal (ref. 3) reported that 13-butinediol had a low tovieity as indicated by anoral 1D, of 2942
cm™ kg rats Further stadies by Mever (ref ) i three generations of rats indicated that rela-
tvely low levels of 13- butanediol had no adverse effect on growth, feruhity . and reproduction
Bornmann (refs. 506, 7 an his three-part senes of papers, also concluded that 1.3-butanediol
wias of low acute and chrome toxicity,

Spectfic nutrntional vse of polvhyvdrie aleohels, including 1.3 butanediol, was reported by
Schussel (refs S, 9 The polyols were fed to rats at level of 5% 10 4070 of dictary calones.
Of the 7 polyols tested, 13-batanediol was best tolerated. Low concentrations appeared to stun-
ulate growth,

In our laboratory . data have been developed which demonstrate that 1.3-butanediol has a
metabohe calonic density of approvumately 6 Cal g (ref 1) and that it may possibly be me-
tabolized through pathways resembling those of carbohyvdrace rather than fat (ref 2).

[n the present report, work representing a continuation of these studies v presented

Experimental Procedures

Commercial grade T3-butanediol (BD) was nsed i all of the expernments The compound
met specihcations as follows: bothng pomt, 2075 C speafic gravity 20220 C 1006, and a min-
mutn punity of 997 by weight While BD has umisual chemical stability, because of high
hyroscopiaty . care was taken to prevent water absorption in storage and handhing

The wmmals used i thas study were Caesarcan denved "SPEF™ male rats (Charles River

Laboratories which werghed approximately TS ¢ cach More mature ammals were used to avord

o




the odor and palatability problems associated with the use of younger animals in the carlier
studies (ref. 2). All animals were housed in individual wire bottom cages in temperature, hu-
midity, and light controlled rooms.

The animals were arranged m fifteen groups of 10 rats cach and were ted their respective
diets for 30 weeks. Protein, fat and BD levels were the mamn expenimental vanables. In some
diets, however, supplements of soy lecithin were used to try to increase fat absorption: Calem
lactate and sodium propionate were added to two of the diets to test for possible antiketogenic
effects. The characteristics of the diet on a dry basis are given in fable 1 In addition, all of the
cdhets contained 4% salt mix, 1.2% vitamin mix, and 4% agar by weight. Where supplied, carbo-
hydrate was furnished by sucrose, dextrose and dextrin i the ratio of 2,11, respectively. The
fat source consisted of 1 part corn oil to 3 parts lard In order to facilitate the feeding of high
fevels of fat and BD, all dicts were prepared as sempsolid agar gels by aincorporation of 1000 g of
the dry diet with 750 ml of hot water containing the dissolved agar.

At the end of 30 weeks, the animals were placed m metabolism cages and fasted for 18 hours.
Urine was collected inice and was kept frozen i sealed vials untib analvsis conld be performed.
After removal from the metabolism cages, the annnals were killed by decapitation, hlood collected
and hvers and kidneys removed and weighed. Examimation was made also for gross pathological
changes. The blood was kept refrigerated, centnfuged, and the serum removed and frozen
An aliquot of liver was taken immediately upon dissection, werghed and placed m KOH The e

mainder was frozen.

TABLE |

Charactenistios of dicts used in 30-week long-term study®

Diet No.

Protein, 1 36 18 36 18 36 36 18 28 18 36 IS 18 18 28
FFat, % o W 30 30 30 3 30 30 30 50 50 60 60 60 60
1.3-Butancediol, : - 20 20 20 30 30 - . = = =«
Carbohydrate, % 62 42 42 22 22 2 12 - 22 2 12 1] 6
Leathin, 7 - - - = - 05 - - - = 05 =

Calcam lactate, & . — - - - _ _

Sodinm propronate, - - - _ . - - - 925

*Dry basns

Measurements were made of serum glucose (ref. 100, ketone bodies (ref T and cholesterol
(ref. 12). In the hver, determmations veere made of ghcogen (ref 13) and phosphohexase 1s0
merase (ref 14 Uninany ketone bodies also were determimed (ref 11,

All of the data were statistically analyzed by the analvas of vanance methods desenbed by

Stnedecor (ref 15).

Results
Dyata for the first 4 weeks of this long-term feeding stady wre given m table 20 Aninals fed
diets S and 9 which contamed 30% BD consumed less food and goamed less body werght than rats



fed amy of the other diets As a result, food and calone efficiency were depressed by the 307 level
of BD The body weight gaims of the 2 groups of rats recenang the 307 BD were sigmficantly Tess
(P 005) than those of rats on amy of the other dicts Watlin a speafic fat levell waght gaing
were generally improved in the group recenving the lagher protem level but these differences
were significant (P 005) only an rats fed the 5070 fat diets

After 30 weeks of feeding (table D amimals fed BD (groups 5 to 90 were hghtor in body
werght than rats fed any of the other diets contammmg 3070 or more fat (diets 3 and 4 10 to 15),

TABLLE 11

Effects of protein, fat and 1.3-butanediol (BD) lecels on d-week
weight gain, nutrient imtake and nutnent efhciency

Nutrient Intake

Wer tht (Dry basts) Nutnient Ethceney
No Cam® Food  Protemn Calonies  Food  Protewn Calones
Croup Diet Rats q P p Cal e o G
1107 fat « 187 protemn 10 160 » 61 415 510 1508 356 197 58
2100 fat + 3 protemn 10 1745 442 1597 1753 393 1.08 0.7
30307 tat 4 18T protem 10 179 S 3494 2.1 20030 419 24y 8.5
403070 fat « 367 protemn o 173 -8 354 135 6 1952 45.1 125 59
5 307 fat I8 protem
200 BD 10 iy« S 361 65.3 1965 395 218 7.3
6 307 fat « 367 proten
<200 BD 9 159 ¢ 10 37 1255 1558 45.5 127 5.1

T30 fat « 3677 protemn
v 2000 BD - 05 leathin
5 300 tat + 18T protein

) 1is 10 3200 1158 1742 463 128 5.

[

<300 BD 10 100« 7 302 545 1746 331 153 5.5
9 300 tat 307 protein

<300 BD 9 120 - 11 305 553 1725 259 140 64
10 707 tat + 180 protem 10 143 - 11 330 996 ()% 131 21 T
11 5070 tat + 3677 proten 10 177 5 3431238 2043 bl 6 1 +3 57
12600 fat 187 protemn o 164 - 12 351 634 2341 465 259 T
1760 tat « 187 protem

05 leaithm 0 143 - 7 313 SIENSt 2086 156 253 68
Eo60cfat 187 protem

200 lactate + 257

sodnnn propronate [0 155+ 11 320 37 Y 2079 A5 1 265 75
15 607 tar + 3070 protemn 176 7 323 S9 6 20095 SR IR} 1 96 S 1
SESD at the 5 Toveb 25 ¢t the 10 devdd 55 g
FEood officienos eohods worehit v per 100 ¢ foad consmmed Protom cfhowaes i body woeht gam per 1o

protom consemed  Calone ethaenos ¢ hody seaeht o por ToO Cadonies consumied

]\l.lll l.llll crrot




TABLE 11

Fffects of protem, fat, and 1 3-butanediol ( B ) on 30-u eck
weweht pain, nutrient intake, nutnient efficiency and surcival

Nutnient Intake

Werht (Dry basis) Nutnent Fihaweney |
No Cam® Foaod Protewm Calones  Food  Protemn Calones
Croup et Kats Y i i Cal To e %
I 10% fat ¢ 18% protemn 9 445 ¢ 200 3381 60Y 13644 132 073 33
2 10% fat 1 36% protem 10 448+ 13 3284 1182 13253 136 038 3.4
3 0% fat + 18% protein 10 518 ¢« 35 3118 561 15863 16.6 092 3.3
4 30% fat + 36% protemn b S50 ¢+ 40 30 1116 15767 16.4 046 32
5 30% fat t+ 18% protemn
v207 BD 4 491 + 20 2013 o224 15811 169 (194 31
G 30 fat + 36% protemn
2% BD Y 447 ¢ 39 2867 1032 15589 156 043 29

T 30% fat t 36% protem
t 207 BD) t 05% lecithin
S O307% fat + 1K% protein

440 0 34 2682 966 14586 164 046 30

bo30% BD 9 39T 3T 2637 475 152649 151 084 26
9 30% fat + 30% protem

t 30% BD S 334 60 2623 T3 14726 129 048 23
10 50% fat + I18% protemn 9 481 10 2784 501 17008 174 0497 2.8
1T 50% fat t 36% pro cin TOa82 IR 2766 996 16500 174 048 29
12607 fat + 18% protem 10 553+ 12 2852 513 19011 19 4 108 29
13 607 fat + 18% protemn

t 0.5% leaithin Y 5229 271 1588 18084 193 1.07 29

Lt 607 fat + 18% protem
b 2.5% lactate + 25%
sodhiam propionate

15 60% fat t 30% protemn § 504 3 2714 761 17645 208 07 3,2

-1

432 0300 2680 482 17397 0 161 0% A5

LS at the 5% level 101 g, at the 197 level 143 g
FStandard error

However, the weight gams of ammals fed 207 BD (diets 5 and 6) were not sigmbicantly differ
ent from those of rats fed unsupplemented 3097 Fat diets cdiets 4 and 5) 0 As observed at 4 weeks
anunals i groups 8§ and 9 which receved the 30% level of B consumed the least food and had
the lowest weght pans and food and calone efficiencies T almost all compansons, the 2 groups
of vats fed 307% BD had aigmbicantly lower (P 005 to 001 werght gans than aamals fed any
other diet Nevertheless, food and calone eficienaes of anmmals fed the lower level of 20% BD
(diets 5 and 6) were comparable to those of annmals fed the 309 fat unsupplemented diets (diets
Jand 1)

No protem effect was apparent at 30 weeks In addinon. the leathin, calcivm factate and
sodviamn propronate supplements did not appear to he benehaal Mortahty was not excessive and
did not appear to be related to the type of diet




Liver and kidney weights, as recorded at the termination of the experiment after 30 weeks,
are shown in table IV. There were no significant differences among any of the values when com-
pared on a percentage of body weight basis.

The results of the determinations of metabolic intermediates and products are shown in fig. 1.
Liver phosphohexase isomerase (PHI) generally decreased with increasing fat in the diet (fig. 1A).

TABLE 1V

Weights of livers and kidneys of animals fed diets containing
various levels of protein, fat and 1,3-butanediol*

Liver Kidney
Group Diet % Body weight % Body weight
1 10% fat + 18% protein 2.05 = 0.07¢ 0.55 = 0.02
2 10% fat + 36% protein 2.19 = 0.07 0.53 = 0.02
3  30% fat + 18% protein 1.98 = 0.07 0.47 = 0.02
4 30% fat + 36% protein 2.10 = 0.07 0.50 = 0.02
5 30% fat + 18% protein + 20% BD 2.30 = 0.06 0.52 = 0.02
6 30% fat + 36% protein + 20% BD 2.20 = 0.05 0.59 = 0.03
7 30% fat + 368% protein + 2095 BD + 0.5%¢ lecithin 2.20 = 0.02 0.56 = 0.01
8 30% fat + 18% protein + 30% BD 2.40 = 0.08 0.54 = 0.01
9  30% fat + 30% protein + 30% BD 2.20 + 0.14 0.63 + 0.05
10 50% fat + 18% protein 2.10 £ 0.13 0.49 + 0.02
11 50% fat -- 36% protein 2.20 = 0.10 0.48 = 0.01
12  60% fat + 18% protein 2.03 = 0.05 0.49 = 0.02
13 60% fat + 18% protein + 0.5% lecithin 2.00 = 0.04 0.48 = 0.04
14 60% fat + 18% protein + 2.5% lecithin + 2.5% propionate  2.00 = 0.09 0.57 = 0.03
15 60% fat + 30% protein 2.10 = 0.07 0.52 = 0.02

*No significant differences exist among any of the liver or kidney values
fIndicates standard error

The exception to this pattern was a rise in activity at 50% dietary fat. When BD was added to
the 30% fat diet, PHI activity increased with increasing dietary concentrations.

Serum glucose appeared to respond in a similar manner (fig. 1B) although the changes
appear to be relatively small. In this case, however, there appeared to be a drop in serum glucose
at 20% BD with an increase at 30% BD.

On the other hand, little or no changes could be observed in liver glycogen (fig. 1D) at
dietary fat levels up to 50%. At 60% fat, however, there appeared to be a significant rise in liver
glycogen. The addition of 20% BD to the diet had little effect on this paraineter. A supplement
of 30% BD, however, resulted in an increase in liver glycogen.

Changes in serum cholesterol are shown in fig. 1C. While there appeared to be a slight de-
crease in serum cholesterol with increasing dietary fat, the changes are not significant. The 1,3-
butanediol, however, gives indications of being an effective hypocholesteremic agent, reducing
serum levels from 150 mg% at 0% in the diet to 60 mg% when the diet was supplemented with
30% BD.

The levels of serum ketone bodies (SKB) are shown in fig. 1E and table V. SKB generally
increased with increasing dietary fat up to 50%. When dietary fat was increased to 60% the level
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Fic. 1. Metabolic Parameters in Rats Fed Diets Containing
Various Levels of Fat and 1,3-Butanediol

precipitously dropped, falling to 50% of the levels of 50% the animals fed fat diets. Similarly,
additions of BD to the diet produced a slight decrease of SKB.

An inverse pattern can be observed when urinary ketone bodies (UKB) are considered (fig.
1F and table V). In this case, however, little if any change can be seen at dietary fat levels to
30%. At 50% dietary fat, however, UKB begin to rise reaching a maximum at 60% dietary fat.
The addition of BD to the 30% fat diet, however, results in essentially no change in UKB. Also,
urine volume appeared to increase with increasing levels of dietary fat {table V). The addition
of BD to the diet appeared to slightly decrease urine volume.

Discussion

In this series of experiments, following adaptation, rats were able to utilize 20% BD as a
carbohydrate replacement in 30% fat diets. While utilization of diets containing 30% BD was
impaired as indicated by body weight gain and nutrient efficiencies, there was no unusual mor-
bidity or mortality. The results reported are in agreement with Bornmann's (ref. 7) conclusions
concerning the low order of toxicity of BD. They also support Schussel's (ref. 9) original view-

point that BD can serve as a potential source of dietary energy.



TABLE V
Ketone Bodies in Serum and Urine at 30 Weeks

10% 0% 50% 60% 30% Fat 30% Fat
Fat Fat Fat Fat + 20% BD + 30% BD
Serum Ketone Bodies*
mg/100 ml - 8.37 9.60 12.33 597 8.48 6.84
Urine Volume
ml/18 hours : 6.85 8.20 11.40 13.56 8.17 5.55
Urine Ketone Bodies
v/ml - 74.00 48.40 70.70 95.40 63.90 63.00
Total Urine Ketone Bodies
mg/18 hours i 0.51 0.40 0.81 1.29 0.52 0.35
Urine Ketone Bodies
mg/kg/18 hours 6.29 525 670 2988 5.87 6.29
*As acetone

The initial attempt in our laboratory to feed high levels of BD to weanling rats (ref. 2) indi-
cated that the poor performance in tcrms of weight gain but not of nutrient efficiency on 10%
and 20% BD was due to a reduction in food intake. Further study of this problem by paired
feeding (ref. 2) showed that animals pair-fed 5% and 20% BD for 3 weeks were similar or su-
perior to unsupplemented control rats in weight gain and food and protein conversion efficiency.
However, in the caloric tests and in the short term graded level ad libitum and paired feeding
test the animals did not appear to be fully utilizing the BD. Some insight into this preblem was
gained by an isocaloric force-feeding study (ref. 2) which demonstrated the need for an adapta-
tion period of at least 1 week for maximum utilization of BD.

At the conclusion of the first 4-week period of the long-term study presented in this report,
there was a marked decrease in food intake, body weight gain, and food and calorie efficiency of
animals fed diets of 8 and 9 which contained 30% BD. These adverse effects of feeding the high
level of 30% BD continued throughout the entire 30-week feeding period.

The principle long-term effects of feeding BD are readily demonstrated if the results from
groups fed similar levels of fat and BD are combined and compared. Fig. 2 shows such a com-
bined group growth curve. The curve indicates that except for the last 5 weeks on test, weight
gains of animals fed 20% BD were rather similar to those of animals fed the 10%, 50% and 60%
fat diets. Weight gains of rats on 30% BD lagged considerably behind the others. The superior
weight gains on the 30% fat diets appears to confirm the reports of Scheer et al (ref. 16) that
30% may be the optimum level of dietary fat for the rat. However, there is no agreement among
workers over the proper level of dietary fat.

Examination of the combined 30-week data in table 3 indicates that weight gains and ut:l-
zation of diets containing 20% BD were not significantly impaired. Food efficiency on these diets
was 16.3 as compared to a value of 16.5 for the 30% fat unsupplemented diets. Similarly, average
caloric efficiency was 3.0 on the 20% BD diets as compared to 3.3 for 30% fat unsupplemented
diets and 29 for the 50% and 60% fat diets.

In the case of the 30% BD diets, we must conclude from a consideration of all parameters
measured that, at this level of feeding, there was a significant impairment in diet utilization.
Since Hess and Kopf have reported (ref. 17) that BD retards the absorption of drugs, absorption
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may be one of the factors responsible for the Tower utihzation of diets contammg lgh levels of BD

Companson of the 307 fat diets, with and swathout 2070 added BD.reveals that anmials ted
the BD continmng diet consumed 9% less food i 30 weeks On the other hand, the Taghest 30-
week food conversion (189% ) was obtained 1 anunals fed the 6000 fat diets Furthermore, the
combined data (table HI) aindicate that the 30-week average weight gams of rate, wath the ea-
ception of those fed 307% BD. were not statistically different on levels of 1070307507 and 607
fut While Michelsen et al (ref 18) used a diet contammg 630 fat to produce obesity i thes ea-
perunent there were as many obese rats on 307 fat as on 6070 fat Unhike the observations of
Yoshuda et al (ref 19) the calone consumption of rats generally nereased as the level of fat in
the diet was riused from 10% to 30%, 509% and 607

Somewhat stmilar to the results reported by French et al creb 200 after 4 weeks on test the
levels of protem were apparenth without effect on the supenor food utilization obtamed with
the hagh fat dicts

We recognize that, while carbohydrate may modifs the response obtamed with o diet. there
may not be a speaitfic requirement for carbohyvdrate (ref 210 o this expeniment . there did not
appear to be any detrimental effects from feeding essentially no carbohyvdrate. except the small
amount used as a dhiluent i the vitimn nnx, i one of the 6070 at dicts (diet 150 for 30 weeks.
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Also, the feeding of 2% or less carbohydrate in diets 6, 7, 9 and 11, while difficult to evaluate,
appeared to be without any gross harmful effect in terms of weight gain and nutrient efficiency.

Williams (ref. 22) reported that BD is probably metabolized to beta hydroxybutyric acid
and then excreted via the kidneys. The results of this study did not appear to support this con-
tention. Since no significant increase in serum or urine ketone levels was observed when BD was
fed, BD apparently is not metabolized via the ketone bodies.

Further support for this concept can be obtained from the results of the other assays. If BD
had been metabolized through lipid pathways, a decrease in liver phosphohexase isomerase (PHI)
might be expected as occurred when increasing amounts of fat were added to the diet. In addition,
serum glucose and liver glycogen would be expected to respond as when fat was added to the diet.
Since the changes, with the exception of liver glycogen, were opposite to those observed with
increasing dietary fat, BD is probably metabolized through some portion of carbohydrate metab-
olic pathways rather than through those of fat metabolism. Within this context, the possible in-
creases in liver glycogen with increasing dietary BD may be explained on the basis that the feed-
ing of BD results in a net synthesis of glycogen.

The marked decrease in serum cholesterol with increasing dietary BD cannot be explained
at this point. Whether this represents an inhibition of liver cholesterol synthesis or an interference
with serum transport is not known.

A final comment should be made of the anomalous behavior of the animals fed the diets
containing 50% fat. In the assays for PHI, glucose and glycogen, these animals consistently
demonstrated a response opposite to what might be expected. Although these respcnses probably
represent an artifact of the experiment, they are being reexamined to determine their validity.

There is no question, therefore, that the feeding of BD at levels of up to 20% of the diet (at
least) results in no gross deleterious effect in terms or nutrient utilization and weight gain. Further-
more, the feeding of BD can apparently supply at least 6 kcal/g resuliing in a net increase in
caloric density of the normal ration. In addition, there apparently is no increase in serum and
urinary ketone body levels when BD is fed, thus demonstrating an increased usefulness for this
compound as compared to fat. Metabolically, BD is apparently not metabolized through lipid
pathways, since its effect on PHI and serum glucose resembles those of carbohydrate rather than fat.

THE METABOLISM IN VIVO OF 2,4-DIMETHYLHEPTANOIC ACID

Introduction

In a previous report (ref. 1) an argument was presented which demonstrated that most
physiologically practical diets of high caloric density would consist of 75% or more of fat. Prior
to the incorporation of large amounts of fat into a ration, either the accumulation of ketone bodies
must be prevented or that the rate of acetate production must be controlled or that fatty acids be
fed which are not metabolized to acetate. It was further postulated that it may be possible to
design a fatty acid that, upon beta oxidation, would be metabolized to propionate rather than
acetate. This, in effect, would avoid the difficulties encountered in high fat diets by restricting
the production of ketone bodies.

To initiate the present study, it was decided to synthesize a multimethylated fatty acid, 2,4-
dimethylheptanoic acid (DMHA ), and study its metabolism to determine if this hypothesis is
correct.

The synthesis and initial toxicity studies of this compound have been previously reported
(ref. 2). The present report is concerned with a study of the metabolism of 2,4-dimethylheptanoic
acid labeled with C'* in the alpha methyl group. For purposes of control and comparison, propio-
nate-3-C'* was also studied.
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Experimental Procedures

Young male Sprague-Dawley derived (Charles River Breeding Laboratory) rats were used
in these studies. Prior to the time of the experiment, the animals were housed in individual,
wire bottomed cages, under conditions of controlled light, temperature, and humidity.

The test compounds (DMHA and propionate) were incorporated into agar gel diets. The
composition of the diet is given in table VI. The dry ingredients (with the exception of the vita-
min mix) were weighed and premixed by hand. The test compound was dissolved in the corn oil
and added to the dry mix. The agar was melted in boiling water and then added to the other in-
gredients while mixing rapidly. Mixing was continued until the diet had cooled sufficiently for the
addition of the vitamin mix and choline chloride. The mixture was then poured into shallow pans
to set.

Animals were offered the test diet containing the non-radioactive test compound ad libitum
for an initial adaptation period of approximately 3 days. Following this period, the animals were
fed by offering the dict for 2 hours each morning until they had been trained to consume their
daily ration within this period. The training period normally took from 2 to 3 weeks. At the end
of this time, the average daily food consumption was from 25 to 30 g.

TABLE VI
Diet

Grams
casein 22.0
sucrose 12.2
dextrose 24.6
dextrin 12.3
salt mix W* 4.0
vitamin mixt 1.0
choline Cl (50% solution) 0.4
agar 3.5
corn oil 19.8
test compound (DMHAT! or propionates ) 0.2
water 100

*L. G. Wesson, Science 75 339 (1932).

tVitamin mix supplies the following per 100 grams dry diet: vitamin A, 300
1.U.; vitamin D, 30 1.U.; vitamin E, 2.5 L.U.; vitamin K, 0.5 mg.; thiamine
HCI, 1 mg.; riboflavin, 2 mg.: niacin, 5 mg.; ascorbic acid, 20 mg.; pyridox-
ine, 1 mg.; para amino benzoic acid, 10 mg.; calcium pantothenate, 5 mg ;
folic acid, 0.2 mg.; inositol, 20 mg.; biotin, 0.05 mg.; vitamin B, 4, 0.005 myr.
{ DMHA = 2 4-dimethylheptanoic acid.

§Sodium propionate-3-C'* was purchased from New England Nuclear Cor-
poration, Boston, Mass.

Animals were selected by weight for the metabolisim studies. All animals were weighed the
morning of the experiment prior to feeding. The animals selected for the test were placed in all-
glass metabolism cages suitable for the collection of respiratory carbon dioxide and the separation
of urine and feces. After an adaptation period of 1 hour, the animals were fed 20 g of diet con-
taining the radioactive test compound. General experimental details are given in table VII. The
animals tested for 48 hours were re-fed 20 g of non-radioactive test diet at 24 hours. The specific
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activity of the propronate was 14,000 disintegrations per min./mg (dpm/mg) calculated as pro-
promc actd The specthc activty of the DHMA was 50,000 dpm/img.

Resprratory carbon dionde was collected as follows. Dry, carbon dioxide free air was pulled
through the imdivadual cages mto a solution of ethanolnine-methyleellosolve (1:2) (ref. 23).
The wir was redned over anhvdrous caleinm sulfate before passage into the ethanolanune solution.
The collection efhicieney of carbon dioxide of this procedure has been caleulated to be 99.5%. The
total volume of ethanolamime solution used for a coliection penod was 10 ml for 1 hour or less,
and 75 ml per hour tor collection periods greater than 1 hour.

VO Rogers, MU, personal commumcation, 1962

TABLE VII

General Experimental Detail

Anunal Weght, Compound Duration of Spilled
No * pms. Tested Fxpeniment, hrs, Food, %
1-12pP 190 propionate 12 4.00
2-12p 192 " 12 6.75
p-12P 196 " 12 0
H-48P 150 " 48 0
10-45P 153 b 48 0
5-12D 207 DMIHATL 12 0
712D 225 b 12 12.82
10-121D 223 5 12 2.45
445D 198 h 48 0
6--151) 198 h 48 6.55

*In the cade .-m\:lu\ml i these studhes, the first number refers to the mdividual animal, while
the socond numbier refers to the duration of the cxperniment The letter refers to the compound
tested

FDMEEY 24 dune ths Theptanoe aad

The ethanolanime solutions were refngerated immediately after use in the collection of car-
bon diovide Since these solutions darken very rapdly upon standing, aliquots were taken as soon
ay possithle tor deternmmation of radioactivity Radroactivity i the carbon dioxade was determimed
e fullv antomatic To-Carb faquid Seintilfation Counter using High Voltage tap 7 (1040 V),
and - discrmmator settings of 10 and 100 VO A 3.mlb ahquot of the ethanolamine solubon was
pipetted mto 200 low potassiun glass vials, 15 ml of semtillator solution® was then added The
solutions were mnved well by hand and placed i the freezerat - 17°C for at ke 30 minutes before
counting Al samples were conmted toat east 10,000 counts and the counting cificiency determned
by recommting with an added internal standard (toloene-C' ) New England Nuclear Corp | Boston,
\Mass

Feces and spidled food were separated by hand with a par of foreeps This iy feasible for
avar el diets except swhen the ammal crumbles the diet wath s paws Wiath this technique, the
amonnt of sptled food can be determimed with an accuracy of greater than 9% . However, the
sl lamonnt of activity found i the feces as greatly affected by traces of spalled food or by
contannnation sath urie.

Slotene methsloellosolve 201, contanmge 0557% PPO (2 5-diphenyloxazole)
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The feces and spilled food were hydrolyzed with hydrochlone acid on a steam bath for 2
hours, neutralized with saturated sodicm carbonate to phenolphthalem endpoint, then centnifuged
at 2000 rpm for 5 minutes. The insolubie material was washed with alcohol and water, and the
washings added to the supernatant. The supernatant and washings were then made up to volume
with alcohol in a 50l volumetric flask. A 2-ml aliquot w5 taken for counting, and 15 ml of
scintillator solution (ref. 24) was added. I necessary, the sample was decolonized prior to the
addition of scintillator solution as follows: to the 2anl aliquot in the counting vial was added
0.2 ml of 30% hydrogen peroxide, and the solution heated i the tightly closed vial at 50 C for
6 hours.

At the end of the 48-hour experiment the animals were killed by decapitation and the blood
collected. The stomach and the entire intestinal tract were excised and their contents washed
out with distilled water. In the case of the 12-hour experiment the stomach and intestinal con-
tents were washed into separate vessels. The radioactivity i these samples was determined i a
manner identical to that employed for feces and spilled food

The urine was collected at the end of the experiment. After heating in a boiling water bath
for 30 minutes, and centrifuging to remove precipitated protein, the urine was made up to a con-
venient volume. A 2-ml aliquot was then decolonized with hydrogen peroside and counted as pre-
viously described for feces and spilled food.

The urine collected from animal number 5- 121 was concentrated to a wmall volume in a
rotary evaporator under reduced pressure, acidified with sulfuric acid to pH T oand contimuoushy
extracted with ethyl ether for 18 hours. The ether extract was dried over anhydrous sodium sulfate.
It was then concentrated to a volume of 10 ml with a stream of dry nitrogen: The radioactivaty in
a I-ml aliquot was determined by counting with 10 ml of scintildlator solution ™ The remaimmg 9 ml
were concentrated to a volume of 1T to 2 ml and esterified with diazomethane.

The urine of animals 7-12D and 10-12D were combined and reduced to a snall volume ina
rotary evaporator under reduced pressure. Ten ml of 107 potassiom hyvdionde were added and
the resulting solution extracted with petroleum ether to remove free neatral ipid: The agueous,
basic solution was then heated on a steam bath for 1 hour, brought just to dryvness ina rotary
eviporator, acidified to pH T and then continuously extracted with ether for 15 hours The ether
extract was then treated as deseribed above for the determination of radioactivity and esterifica-

tion of acidic matenal.

The urine of anmmals 4481 and 6-481) were prepared in the same manner as the urines of
animals 7-12D and 10-12D, with the exception that the cether extraction was performed ina
separatory funnel (bateh extraction).

A synthetic mixture of carboxylic acid vas studied in order to test the efficacy of the method
to esterify and separate by gas chromatography the types of carboxvhe acids expected i srine.
The esters that bave been studied are given in table VITE Fumaric acid and a-keto adids were
not estenfied by this procedure. Gas chromatographic separation of all of the esters hsted i table
VI has been achieved on two different columns. A Lmeter column contanmmg 107 (w/w) Carbo-
wix 4006 on Johns-Manville Chromosorb P, 60/80 mesh, at 150 € brought about the separations
shown in table X0 All the compounds studied with the exception of duncthyl glutarate and di-
methyl 2amethylglutarate were separated under these conditions

Linproved resolutions and specifically improved separation of the lower boithing esters was
achieved by using a L-meter, 10% diethyleneglyeol seecmate (DEGS) on 6065 mesh, acid washed
Chromaosorp P column as 100°C (table X). Resolution of higher botling compounds than those
3 Toluene contanmg 0 04% POPOP and 0 1% PPO)
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shown in table X could be achieved on the DEGS column at higher temperatures than 100°C.
In general, the resolution of a group of compounds in a particular boiling range was better
achieved on the DEGS column than on the Carbowax column.

TABLE VIII

Compounds Studic. During Development of a Gas Chromatographic Method for Analysis
of Methyl Esters of Certain Mono- and Polycarboxylic Acids

Monocarboxylic Esters Dicarboxylic Ester: Tricarboxylic Esters

Methyl 3-hydroxybutyrate ~ Dimethyl oxalate = Dimethyl 2-metylmalonate ~ Trimethyl citrate
Methyl 4-methylheptanoate Dimethyl malonate Dimethyl 2-methylsuccinate
Methyl 2,4-dimethyl- Dimethyl glutarate Dimethyl 2-methylglutarate
heptanoate Dimethyl adipate  Dimethyl malate
Dimethyl sebacate

TABLE IX

Gas Chromatographic Separation of Certain Methyl Esters on
the Carbowax Column at 150°C

Ester Relative Retention Time*
Methyl 2 4-dimethylheptanoate 0.378
Dimethy] oxalate 0.440
Dimethyl 2-methylmalonate 0.475
Dimethyl malonate i 0.598
Dimethyl 2-methylsuccinate 0.890
Dimethyl succinate , 1.00
Dimethyl glutarate 1.49
Dimethyl 2-methylglutarate 1.49
Dimethyl adipate 2.48
Dimethyl 2-hydroxysuccinate 5.15
Dimethyl sebacate 14.4
Trimethyl citrate . 24.8

*Relative to methyl succinate (t,= 4.1 min.)

The esterfied urine extracts were chromatographed on the DEGS column at 100°C. Under
these conditions the latest peak emerged at about 75 minutes. The entire effluent of the chromato-
graph was trapped directly in the counting vials in toluene-PPO-POPOP scintillator. Individual
peaks, or, where this was not possible, groups of peaks, were also trapped in this manner for de-
termination of radioactivity.

When individual peaks on the DEGS column contained significant amounts of radioactivity,
they were trapped in 1-ml conical centrifuge tubes at liquid nitrogen temperature. This trapping
process was repeated until sufficient material had been collected for infrared analysis.
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TABLE X
Gas Chromatographic Separation of Certain Methyl Esters on

the DEGS Colums at 100°C
Ester Relative Retention Time*
Dimethy! oxalate . _ 0.383
Dimethyl 2-methylmalonate : 0.461
Dimethyl malonate : : 0.651
Dimethy] 2-methylsuccinate : 0.804
Dimethyl] succinate 100
Dimethyl 2-methylglutarate 1.49
Dimethyl glutarate 1.68
Dimethyl adipate : . 2.75

*Relative to methyl succinate (t,=22.4 min.)

Immediately following decapitation, approximately 500 mg of liver was removed from the
animal, weighed as quickly as possible, and then immersed in 5 ml of 30% (w/v) potassium hy-
droxide. Glycogen was then isolated by the method of Good, Kramer, and Somogyi (ref. 13;
The isolated glycogen was converted to glucose by hydrolysis with 0.6 N hydrochloric acid in a
boiling water bath for 2 hours. Glucose was then determined colorimetrically in the Technicon
Autoanalyzer by measuring the extent to which ferricyanide was reduced to ferrocyanide. This
method gave a linear relationship between optical density and glucose over the range 50 to 2000 &
of glucose. Radioactivity in glucose was determined by counting a 1-ml aliquot of the glycogen
hydrolyzate in 15 ml of scintillator solution* at High Voltage Tap 5 (960 V).

The washings and supernatants collected during the isloation of glycogen were combined
and extracted with petroleum ether (bp 30-60°C) to isolate nonsaponifiable material. The petro-
leum ether was evaporated with a stream of dry nitrogen. The residue was then redissolved with
2 ml of petroleum ether, transferred to a counting vial, and 10 ml of scintillator solution® added.
Counting was done at High Voltage Tap 4 (880 V).

The extracted alcohol-aqueous phase was acidified with concentrated hydrochloric acid to
pH 1 and re-extracted with chloroform-heptane (2:1, bottom phase) to remove fatty acids. The
extracted fatty acids were taken to dryness overnight in a vacuum dessicator. The residue was
redissolved in petroleum ether and counted as described above for nonsaponifiable material.

The upper aqueous alcohol phase was adjusted to a convenient volume, and a 2-ml aliquot
counted under the conditions described for feces and spilled food.

Following the removal of a section of liver, the left epidydimal fat pad was removed,
weighed, and placed in 10 ml of chloroform-methanol (2:1). The fat pad was allowed to remain
in the chloroform-methanol, with occasional agitation, for 24 to 48 hours. The solvent was then
decanted, and the process repeated twice with fresh 5-ml portions of solvent. The combined ex-
tracts were brought to dryness with a stream of nitrogen, and then counted as described for liver
fatty acids.

The remaining carcass, including the washed stomach and intestines, and blood, were stored
at —40°C until analysis. The carcass was then freeze-dried in the MIT Pilot Plant Freeze Drier.
The dried carcass was weighed and then dissolved in 2 liters of 15% (w/v) potassium hydroxide

+ Xylene:dioxane: cellosolve = 1:3:3, containing 1% PPO, 0.5% POPOP, and 8.0% naphthalene.
5 Toulene containing 0.04% POPOP and 0.4% PPO.

15



in 40% (v/v) ethyl alcohol. A 25-ml aliquot of the carcass solution was acidified to pH 1 with
concentrated hydrochloric acid, and extracted with chloroform-heptane (2:1) to remove fatty
acids. The activity in the {atty acids was determined as described above for liver fatty acids.
A 2-ml aliquot of the remaining aqueous phase was decolorized with hydrogen peroxide and
counted as described for feces and spilled food.

Results

The cumulative percent recovery in respiratory CO. of C' activity ingested from propionate
and DMHA is shown in figure 3. Since the number of animals in each group was relatively small,
the entire range of values is plotted at each point rather than the mean and standard error.
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Fic. 3. Cumulative Percentage of Recovery of Ingested Activity
in Respiratory CO.

As illustrated in figure 3, the time required for 50% conversion of DMHA to CO. is 6 hours
longer than that required for propionate conversion. At 48 hours 20% more propionate than
DMHA had been converted to CO..

The rate of appearance in respiratory CO. of ingested activity from propionate and DMHA
is shown in figure 4. These data were calculated by dividing the total activity accumulated in a
given collection period by the number of hours in that collection period. The values thus ob-
tained were plotted at the time corresponding to the middle of that collection period. In figure 4,
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the rate of oxdation of DMPA to COL s msthadly dower than that of propionate The rapid
decrease i rate of oudation of propronate at approvoately 6 hours ocenrred in each anumal
testesd DMBTA also showed i decrease i orate of oudation to COL at W to T hours. The overall
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TABLE NI
Summary of the Recovery of Redioactinty
from Proponic Acd 3 €41
Anunal No
1 12p 2 4 12p 5 A8 10 48D
Stomach contents 1279 12.17 977 .
Intestina] contents 016 032 010 029 0.21
Resprratory €O, 12 90 4525 45 9N 82.07 53.03
Urnine 230 256 2.42 2.50 2.51
Feees® 1.25 161 0015 0.4 017
Total Carcass Tapd 547 516 429 4.42 5.29
Total Carcass Nonlipad 2685 RIS 22.24 1535 15.63
Tissnes removed for analysis 1 14 085 0.24 026
Recovery % of
admmistered radioactivaty 93 24 Y1 66 5589 10521 107.10

*Feoes data salid only for total recovers due to contammation by unne and spalled foodd

FValues are given i peroent of ingested activty




TABLE XII

Summary of the Recovery of Radioactivity
from 2,4-Dimethylheptanoic acid-2-methyl-C'* *

Animal No.

5-12D 7-12D 10-12D 4-48D 6-48D
Stomach contents 25.29 5.70 8.83 —_ —_—
Intestinal contents 497 6.71 5.74 0.21 0.32
Respiratory CO. 30.00 34.17 31.59 63.99 59.59
Urine 11.52 1~ 14.26 21.58 24.23
Feces 0 VXV 0.075 1.60 1.01
Total Carcass Lipid 10.86 14.21 16.30 7.10 6.57
Total Carcass Nonlipid 19.86 21.35 16.61 15.10 13.56
Recovery % of
administered radioactivity 102.50 99.21 93.41 109.58 105.28

*Values are given in percent of ingested activity.

drop in rate, however, was much less, and the rate of drop slower than that obtained for propionate.

The amount of food spilled by each animal is reported in table VII as percent of the amount
fed. The amount spilled food is generally small but quite variable.

The data for feces, stomach contents, and intestinal contents are given in tables XI and XII.
In the experiment with propionate, the feces were contaminated with urine and spilled food.
These data, therefore, are valid only for calculations of total recovery. Recovery from intestinal
contents indicates that propionate was much more rapidly absorbed than DMHA. This may be
due to the relative water solubilities of these compounds. Greater variability was observed for
DMHA than for propionate in the amount of activity remaining in the stomach 12 hours after
feeding. The rate at which food is consumed can significantly affect stomach emptying time.

All of the results reported in this investigation have been corrected for spilled food and are
reported as percent of ingested activity.

The fraction of ingested activity that appeared in glycogen, fatty acids, and aqueous soluble
material of liver tissue is shown in figure 5. An insignificant amount of radioactivity was found
in the non-saponifiable fraction of liver tissue. At 48 hours, there appears to be little significant
difference in any of these tissue components between propionate and DMHA. Although activity
in liver fatty acids at 12 hours is slightly greater for DMHA than for propionate, it is not known
how much of this may be due to unmetabolized DMHA. Furthermore, the overall incorporation
of activity into fatty acids is quite small for both propionate and DMHA.

Acid-2-Methyl-C'"* in Lipid-Soluble and Non-Lipid Soluble Fractions of Rat

The percent liver glycogen and the ratio of the specific activity of liver glycogen to the
specific activity of the test compound is given in table XIII. The magnitude of this latter ratio is
similar for both DMHA and propionate at both 12 and 48 hours. There is probably no statistical
difference between propionate and DMHA in this respect. Although, at 12 hours, the amount of
liver glycogen is greater for propionate than for DMHA, all of the values obtained are within
the normal range for young adult rats.

A significantly greater amount of activity was found in the urine of animals fed DMHA than
of those fed propionate (tables XI and XII).

The nature of the activity contained in the urine of animals fed DMHA, as percent of total
activity in urine, is summarized as follows:
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Cas chromatographic analysis <@ the estenfied anne extracts idicated that the peaks in the
compugated and nonconpugated fractions were sindar but not adentical Three peaks were of
much greater intensity i the extract of sapomhed unne than m that of nonsapomfied unne
This difference inomtensity accounted for most of the difference i actiaty recovered by ether

extraction

TABLE X

Radwactic iy i Clycogen from Propronate and DMITTA®

Aproact plycogen
Ammal No Compounnd Testod Laver givoopen, % o
spoact oomgpx wnid

1-12Pt Proponate 545 0.945
2-12pP ; H.45 0.715
4-12P o 0777
5-48P RS 0165
10-48P 1.585 0067
512D DMHA® 14 1 290
7-121) ! 308 1 060
10-12D : 342 0 66-4
448D ) 236 0143
6-451) ; 217 0.0

COMHA 2.4 dimethy Theptanoe aond
|

Frhe 12 or 48 i the Animal Number refers to the duration of the cxpenment in hours

When compared to the retention volumes of other dicarboxvhic esters on a DECGS column,
the retention volumes of two of these peaks (A and B, higure 6 indicated that these fractions
were i the bothing ranve of a C. dicarboxylhic dimethn ] ester A and B oaccounted for 57 2% of
total ether extractabie activity Fae third neak (C) beure 60 gave a retention time which did
not corr spond to any dicarboxy lic ester, and contamed 7170 of the otal ether extractable ace
tivity The peak corresponding, to dimethy] sucomate contamed 237 of the total ether extractable
activity These peaks were the only ones directly investivated  becanse they represented the major
portion of urnine activity, and woere present i sulhiaent quantity to enable further ivestigation

No peaks could be recognized which correspond to the diastereosomers of DMHA However,
the carhy part of the chromatogrim was quite crowded due to the presence of the many low
boing escers present in estenfied unne extracts A bateh ether extraction. which was performed
on the combimed unine of animals 448D and 6-45D, would svield an extract which would favor
the more hipnd soluble matenal i urme: Sucame acud, for esample. can only be completely so-
Litedd wath 18 hours of continnous ether extraction This batch extraction greathy reduced the i
tensity and nuiaber of the peaks o the carly part of the chromatogram (ep. lactate, oxalate,
plveolate, ete), while no effect <ould be observed on peaks A Boand € Sigmficantly | although
DMHA 18 known to be very readily extracted with ether, no peak for the methy D ester of DNMHA
could be observed in the esterthied batch extrac

The infrared spectra of peaks A and B owere essentialhy adentical, both as pure hquids and
i the carbon tetrachlonde solution This evidence, and the fact that no peaks for the diasterco
isomers of DMHA were detected indicated that peaks A and B ight be diasterconomers The

spectia of A and B showed conclusively that these compounds were esters The intensity of the
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carbony] band at 5.75 microns to the C-H band at 3.35 microns was similar to that found in
dimethyl adipate and suggested that these compounds were dicorboxylic esters. The presence
of a band at 7.25 microns indicated the presence of methyl groups in peaks A and B. Further-
more, the band intensities at 6.85 microns for C-CH; and at 6.96 microns for O-CH; were equal,
indicating that the same number of methyl groups and methoxy groups might be present in each
compound. On the basis of the above evidence and review of spectra of known esters, A and B
were tentatively identified as diastereoisomers of dimethyl 24-dimethylpimelate, eg, Formula 1
below.
Formula 1. CH;0.CCH.CH,CHCH,CHCO.CH;
CH:; CH:{

The mass spectrum® of B indicated fragment peaks typical of dicarboxylic esters (ref. 25).
Although the most easily identified peak in a mass spectrum is often the molecular weight peak
(M, M=2186 for I), under the conditions used no peak for M was observed because of the high
probability of bond rupture found with esters. The peak at highest mass to charge ratio obtained
was at m/e 185. This peak corresponds to loss of methoxy from the ester group and is normally
the highest peak observed in the spectra of these compounds. The presence of fragment peaks
at m/e 74 and m/e 88 as well as at m/e 142 (M-74) and m/e 128 (M-88) is further proof of
structure I in that these peaks are typical of the rearrangement peaks normally observed in
the mass spectra of methyl esters and a-methyl substituted methyl esters. All of the major peaks
in the mass spectrum of B would be expected if the compound were dimethyl 2 4-dimethylpimelate.

The specific activity of peaks A and B, on a volumetric basis, was 90% of the specific activity
of DMHA.

The infrared spectrum of peak C was remarkably similar to the infrared spectrum of the
m<"" -l ester of DMHA with respect to the position of the bands in the region from 5 to 9.5 microns.
The spectruin showed that C was a monomethyl ester of an alkyl carboxylic acid. The relative
intensities of the bands for C-CH; and O-CH; were similar to that obtained from the methyl
ester of DMHA and indicative of the same type of chain branching. One of the most character-
istic bands in the spectrum of peak C was the band in the region of 2.85 microns. This band did
not correspond to a carbonyl overtone of the band at 5.76 microns and is at a position where a
band for an aliphatic hydroxy compound would be expected (ref. 26). Further proof that peak C
is a hydroxy compound is afforded by the fact that the band in the region of 2.85 microns is dis-
placed to higher frequencies upon dilution. Peak C was tentatively assigned the structure of
methyl 3-hydroxy-2,4-dimethyl heptanoate formula 2 below and based on the evidence described
above.

OH
Formula 2. CH,CH.CH,CHCHCHCO,CH,
CH; CH;

There was not enough material present to obtain a mass spectrum of this compound.

The fraction of ingested activity that appeared in the total lipid from epidydimal fat pad is
shown in fig. 5. There is no significant difference between DMHA and propionate at 12 hours.
While the amount of activity in the fat pad at 48 hours is slightly higher in animals fed DMHA
than in those fed propionate, this difference is small and may or may not be significant.

The residual radioactivity in the lipid-soluble and aqueous-soluble fractions of the carcass
are given in tables XI and XII. In addition, the total recovery of radioactivity from all fractions
is also given. The activity in the tissues removed for analysis is included in table XI for the

*The mass spectrum was obtained on a CEC21-130 Mass Spectrometer by the Chemistry Department, M. T.
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purpose of calculating total recovery of the rudioactivity admiaistered as propionate. In the case
of the experiment with DMHA (table XII , this figure was omitted because it constituted an
insignificant fraction of the total.

At 12 hours, the total activity in carcas; lipid is greater for DMHA than for propionate, but
the values for the two test compounds are similar at 48 hours. At 12 hours in particular, it is not
known how much of this lipid-soluble activi; i, due to unmetabolized DMHA. Although the
activity in the nonlipid-soluble fraction of the carcass is greater for propionate than for DMHA
at 12 hours, the difference is small. It is questionable whether the difference is significant.

In all but one case (4-12P) the recovery of administered activity is 100=10%. In general,
the duplication of measurements reported in this study were within 1 or 2% of the tabulated
values. The greatest inherent errors are present in the measurement of activity in nonhomogeneous
systems, such as feces, and highly quenched systems, such as occur with saponification of the
entire carcass. It is not at all well understood, however, where the major sources of error occur in
calculating the recovery of the administered activity.

Discussion

It was the goal of this study to investigate the hypothesis that 24-dimethylheptanoic acid
(DMHA) would be metabolized by B-oxidation to propionate moieties. This process would yield
a net synthesis of glycogen. Therefore, this fatty acid would be, in effect, a noiketogenic source
of energy.

The oxidation of the a-methyl carbon of DMHA to CO; was less complete and occurred at
a slower rate than did the oxidation of carbon 3 of propionic acid. Since the carboxyl groups of
even numbered short chain fatty acids are oxidized to CO. at essentially the same rate and to
the same extent (ref. 27), the oxidation of DMTA apparently is blocked to some extent.

The appearance in urine of a significant amount of the ingested activity of DMHA is further
evidence that this compound offered some resistance to oxidation. The sum total of activity in
urine and CO., is approximately the same at both 12 and 48 hours for both DMHA and propionate.
This may be interpreted to mean that the rate of metabolism of both compounds is equivalent.

It is difficult to unambiguously interpret the data obtained in the examination of urine of
animals fed DMHA. The bulk of activity in the urine could be accounted for by w-oxidation of
DMHA to 24-dimethylpimelic acid (DMPA). The specific activity of DMPA was such that
DMHA apparently was its direct precursor. DMPA has not been previously identified as a com-
ponent of rat urine. Thomas and Weitzel (ref. 28) have shown that dicarboxylic acids are not
readily metabolized in the intact animal. The dicarboxylic acids which arise in vivo are generally
the product of w-oxidation of acids of medium chain length (ref. 20V, a classification which
would certainly include DMHA. Although the fact that any w-oxidation of DMHA took place
is indicative of some hindrance of B-oxidation, the extent of w-oxidation may be less in a longer
chain acid. While Tryding and Westoo (ref. 30) observed a small amount of w-oxidation of
a-methylstearic acid to a-methyladipic and a-methylsuccinic acids, a considerable amount of
degradation of the C,. chain was requisite to the formation of these dicarboxylic acids. It is
not known by what process this degradation occurred. However, the initial step in this process
may be assumed to be the oxidation of the terminal methyl carbon atom. Thus, it might be
possible to interpret the extensive excretion of the w-oxidized product of DMHA as a function
of the chain length of this acid. Any form of substitution on the main carbon chain may possibly
afford some hindrance to B-oxidation.

Further proof of the hindrance to B-oxidation offered by the alkyl substituted structure of
DMHA is the tentative identification of the B-hydroxy derivative of DMHA in urine. The
process of B-oxidation involves a number of steps and intermed ates prior to the shortening of
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the carhbon chamn by 2 caabon atoms One of these mtermediates s the g hvdrow densvatine of
the ongimal fatty aod Whale the normal metabolite g hvdrovybutviate has of conirse been ob
served mounne, there s no presions report e the Wterature of the occurrence of a3 hvdrow
dermvative of o fatts cad i unne The conversion of ghvdiony DMTA 1o 4 Keto DMEIA man
be one ol the steps at which a'hv D substitution of the man carbon cham stencaldly hinders attach
ment of DML 1o the enzvine surface

The sterie hindrance to g ovdation presented by the two metha ] groups of DMBA v not
nearly as extensive as that found swath acds donbly sabstitated on the o carbon atom Fesdimy
and Westoo (reb 300 reported ondby 30 conversion of the carbosy vroup of 2.2 dunethy Istearni
acid to carbon diovde

Itas not understood whether the w-oadation of DA 1o related to s shight toaaty . and
therefore, a detovcation reaction Touaties of an order ef iogmtude somlar to that of DMEA
and ity sodiim salt have been observed for almost afl fatty sads of chan lengths Tess than 9
carbon atoms (ret 300 and for tnghv cendes of these fatty aads Cref 320 These toae responses
are presumably due to the effect of the low molecular weight fatty aad amons on the central
nervous systesa Since dietany short chan acds are commonly consamed  sathout evidence of
toxic reaponse, the touaty of DMHA may be expected 1o be conaderabiy reduced when fed
as part of o mived diet However, the observed o oadation conld concenvably be a detoxacation
icchanmsm

Newther DMHA nor propionate was a very effective precursor of fatty acds me the rat
Furthermore, cholesterol and nonsapomfiable matenal contamed hittle o1 no activaty from these
compounds Acetate, on the other hand, s imach more effective than propronate as a4 preoursor
of fatty acids i the rat i vinvo This would stronghy indicate that DMETA was not metabolized
directly through acetate

The largest amount of activity from DMELA o Tner ssue was o ghocogen and i the
aqqueons soluble matenal Part of the difference between DMBLA and propronate i this respect
mivht he accounted for by nnovdized DNMITA S DMLY that had not been metabohized would
appear i the Lty aad fraction of the hver whide anovdized propionate would be present
the aqueons soluble fraction The fact that Tittle or no difference can he found between DMEEA
andd propronate i these fractions at 18 hours soonld tend o substantate this interpretation since
the anmals were refed the test componnds at 24 howrs Furthermore the overall reduction of
hpnd soluble activity i the cacass from 12 to 48 hours s greater for DN than for proponate

Phe classical method of determmmimg whether or not o substance wall contnibute to a net
switheas of v oven i vivo has been to feed the sabstunce i question toa fasted ammal
Sice acctate carbon can be mcorporated o ehvcoven throneh the atne aad ovele a hagh
proportion of 1+ dhoactivity s acetate can be found mcorporated o ghvcogen under condinions
where there s hittle or no net svnthess of glycosen sach as e the fasted aninal The extent of
this imcorporation s generally sinall i the fod anmal On the other hand. propronic aad s a
direct sonrce of sucame aad and can give nse to anet snthesis of gl eopen i the fasted or the
led ammal A comparnison of the net mcorporation of the 3 carhan of piopianate and the o methy |
carhon of DMLY nto glveogen shows that the contnbution to phocogen carben from cach of
these compounds s approvately the same The data would andicate that propionate as an
abhigatory antermedi o m the comversion of DMLY to ehvcogen, confirnnng the by potheas that
a mnltmethnv Lted fatty acd canserve to by pass the difhonlties obtamed i agh fat diets
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SECTION 1.
The Direct Small Animal Calorimeter

An extremely sensitive rat size annnal calorimeter, capable of atomaticalls recordimg inde-
pendent or simultaneous direct and iduect heat output measaremenss for penods as long s
24 hours has been designed, bult, and tested  The direct calorumeter has been thoroughly
evaluated and shown to be operatiosal, while the indunccet calonmmetry system s stll e the
cxperumental design state

The direet calorunceter s based on the thermal gradient primaple of Benanger and Kitzinger
(ref 33 as adapted to the use of maltithermocouple heat flow imeters by Huebseher et al (el
3 In direct calorimetry . the annmal as the heat source v completely endosed by the heat flow
meters The heat produced by the animal creates a temperature difference between the sarface
of the heat Bow meters facing the anmmal and the oppostte surfaces wineh are mamtamed  at
a constant temperatonre The temperature differential or thermal gradient results i response
which s mdicative of the rate of heat energy flow through the heat flow meters,

The indirect calormmeter system was designed 1o measure the changes i oxygen and carbon
dhioxade content of i passing through the direct calormmeter cluanber, Changes mogas coneen
tration are deternmmed by gas chromatography using the techmque of Brenner and Ciephinsha
(ref 35) and others Heat production can then be caleulated from the calone value of the

oxveen consimed and the carbon dioxide produced.
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The direct calorimeter has proven to be a reliable and precise instrument. Description of both
direct and indirect systems with main construction details are presented but the main emphasis
has been directed toward direct calorimetry. A calorimeter flow diagram is given in fig. 7.

For convenience in presentation the description is divided into three sections: (1) the animal
cage, (2) the direct calorimeter and (3) the indirect calorimeter.

THE ANIMAL CAGE

A compact metabolism cage which allows the separation and collection of feces and urine
was designed for use inside the calorimeter chamber (fig. 8). Complete construction details for
this type of animal metabolism cage have been published by Miller et al (ref. 36). The cage is
made of Y%-in. mesh stainless steel wire. Separation of feces and urine is accomplished by a tri-
angular screen which allows urine to fall through into a collection pan while the feces roll down
the screen into receptacles placed at the sides of the cage. Mineral oil can be added to the
urine trough to prevent evaporation.

THE DIRECT CALORIMETER

The main components of the direct calorimeter are: (1) the air intake system which supplies
a measurable flow of ventilating air of controlled temperature with provision to measure any
sensible heat changes as the air passes through the calorimeter, (2) the sensible heat measuring
chamber with supporting equipment, which measures heat loss from the animal by radiation,
convection and conduction, and heating respired air, (3) the moisture adsorption equipment
to measure energy lost through evaporation of moisture, and (4) the control and recording
system. Each of these systems is described below:

Air Supply and Measurement of Sensible Heat Change of Ventilating Air. A constant flow
of air is supplied to the animal in the calorimeter from a compressed air tank ficted with a 2-
stage reducing valve. Before entering the calorimeter, the air is passed through a combination
filter and moisture adsorption trap, a gas flowmeter equipped with a needle valve capable of
measuring air intake into the calorimeter in cc/min., and an air temperature control bath.

Constant air temperature is maintained by circulating the air through '-in. od copper coils
immersed in a constant temperature water bath.

A two-couple copper-constantan thermopile made of No. 30 gauge wire is used to measure
any sensible temperature change of the ventilating air passing through the calorimeter. The
reference junction is at the inlet port of the chamber and the measuring junction at the ventilating
air stream outlet. The imbalance in potential between the two junctions is indicative of the
change in temperature of the air stream.

Heat Measuring Chamber. The original calorimeter chamber was constructed of 13 by 3s by 13
inch (1 by w by h) aluminum alloy wall panels (Alcoa 2024-T4) to give an inside volume of 1
cubic foot. While this size chamber was suitable for direct calorimelry, a smaller chamber was
built in order to minimize the response lag for indirect calorimetry. The inside dimension of the
latest model chamber is 12 by 7% by 10 inches (1 by w by h) giving a volume of *2-cubic foot.

As shown in fig. 8, three evenly spaced 3%-inch entry port holes, which could be fitted with
removable plugs, were drilled out of the left side of each of the four wall panels. Similar entry
holes were made in two diagonally opposite corners of the top cover. In addition, a 's-inch hole
was drilled slightly above each center entry hole in the four wall panels to allow for passage of
thermocouple wire from the heat flow meters. In the top cover and bottom cover panels the
thermocouple wire passage holes were located in the left rear corner. Then, all of the aluminum
panels were anodized. This resulted in a 0.001-inch coating of aluminum oxide which furnished
necessary electrical insulation between the aluminum panels and the attached heat flow meters.

26



r —_——

a8 TN L 5

P Y ~ . A\ =

e e 2 ERE NG e

r. b LS A " e -

Pete oGl et ) LT,

s y BhE AR B

LI A 4 ‘ s, S

¥ =/ 70« - P ey

S-S —4 o T

| - u ek " e

ot -2 A H B i v g 1
_ - t . Ly

— T e A

CONTROL
PANEL
CONNECTORS

Froo S Annnal Cage

& —— <" AUXILIARY PORTS

ind Aromal Calommctor Chamber C onctrectiom Detals




Siv heat How meters were assembled to cover each wall of the calonmeter The meters consist
of notehed copper constantan thermoconple nibbon stops mterwoven an a basketweave fashion
with glass tape as shown i fig 9 The stnips were placed in parallel and Later connected in senes
to give all ~opper to constantan junctions on one side of the thermal msalating plass tape layer

and all constantan to copper junctions on the other ade of the gradient Layer

Duning assembly | the copper-constantan strips and glass tape were secured at cach end to a
wooden frame built to enclose an alumimum wall pancl Two mch wade stips of burlap cloth were
stapled along the edpges of the wooden frame Then, woven panel size sections of copper constontan
nbhbon and glass tape were bonded direetly to the anocdized alvmmuom: panels usang an epoxy
resin ( Seotcheast AN After spreading the resin over the sarface the meter section and enclosing
wooden frame were placed moan ar tight plastic envelope which was evacuated with o laboratory
vacuum pump o Fxcess resin and entrapped an were removed from the face of the heat flow
meter wall section by gentle pressure and seraping The burlap cloth wlong the border absorbed
the excess resin Vacunm wis mamtamed for 6 hours during which e drying was facilitated
by heat from a 250 watt infrared hght placed above the plastic envelope After the resin had set
i cach of the sivowall panels, the ends of the copper constantan nibbon were trimmed and the

imdividuad stnps connected 1 senes to complete the thermocouple cireuntry

The finished alumnum panels with their attached heat flow meters were assembled to form
coubed Chamber Side and bottom panels were secared together with an epoxy resin (Glyptal)
and screws The top panel winch served as a cover was attached by mcans of hinges and fitted
with a sealmg neoprene gasket Knorled nuts were used to fasten down the top cover Twenty-
four gauye thermoconple lead wires from the sicmdividual wall heat flow meters were msulated
and brought to the left aide of the chamber for later attachment to a junction box Then, the
entire mtenor incudimg the faces of the heat flow meters, were pamted with one coat of the
monsture proot synthetic resi (Clyptal )

In order for one side of the heat How meter to act as a referencee junction, provision was
made for the mamtenance of a constant temperature at the outer walls of the chamber below
that of the mner walls (measannyg unction ). This was accomplished by covening all six onter
walls with Yoinch od copper tubig bent i Linch reverse bends The tubimgs was soldered to the
alurmmum walls after bemng arranged so that the entenmg water was spht into two streams. Fach
stream cooled two ade walls and aither the top or bottom of the chamber Water mtake and ow

let ports and cover connections are shown i fig. 8

The copper tubimg and walls were covered with anmsolating Liver of 2 mch asbestos cement.
Fach indiadual wall thormecouple Tead wire was attached 1o one of six marked outlets of a
thermocouple junction box The junction box was fitted into the left side of the chiamber Then,
the thermocouple Tead wires and the walls of the calormmeter were covered waith a2 imch Liver
of ashestos cement The final calonmeter covering was a coat of pamnt

Air Sampler for Mowsture i Ventdating Air Energy lost by the amal i the form of latent
heat of vapanzation of mosture 1y determined I)_\ .ui\nrplmn and gravimetneal measurement.
For this purpose, an air sampler was designed to antomatically divert the ar stream from one to
another of 16 adsorption tubes at selected time intervals The diving motor was geared o that
cach wamphng tube could remam an stream for perniods of 15,30, or 60 munntes Use of the maxi-
i setting of G0 ynuates permts continuous collection of hourly: moisture samples over a 16
hour perio!

Asshownom hes 10 and T which show constrnction detils, the air sampler s essentrally a
manifold head with 16 outlet ports radiating from a center anlet port Fach outlet port contaimns

tvalve which s operated by a contmually mosving cam of controlled speed Morsture s adsorbed
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A. Spread selector

B. Manual control

C. Air inlet

D. Air outlet port
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Fic. 10. Schematic Diagram of Respiratory Moisture and Air Sampler

on 8-mesh calcium chloride in 6-inch drying V-tubes fitted with glass stoppers. While it is not
necessary for operation, the air sampler was fitted with electric circuitry for identification on the
control panel of the adsorption tube in stream.

Control and Recording System. All of the direct calorimeter controls are centered on a single
control panel. While it is not necessary to have such an elaborate control panel, the essential
features of the panel are switches to operate the experiment timer, constant temperature water
bath for the calorimeter outer walls and ventilating air, air sampler for moisture adsorption, and
the recorder.

Operation of the calorimeter requires that signals from the heat measuring chamber and
from the thermopile measuring temperature change in the ventilating air be constantly monitored.
Since both signals could be measured in the 0-1 mv range, only one single channel single pen
recorder was required for direct calorimetry measurement. Alternate recording was accomplished
through the use of a repeat cycle timer (Bristol Motors RCT-109), a clock motor fitted with a
cam, and a snap action switch. The cam was cut so that 2-minute recordings were taken from
the heat measuring chamber alternately with 40-second responses from the ventilating air ther-
mopile.

While there is no provision for doing so at present, studies are in progress on suitable means
of measuring animal activity and body temperature.
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THE INDIRECT CALORIMETER

The heat measunng chamber of the calonmeter was cahibrated by deternumng the unlli-
voltage output of the gradient laver heat How meter umts i the presence of a carefully momtored
heat source mthe form of a 14 ohm mchrome wire heating cotll The energy dissipated in the conl
was determmed by measuring the voltage drop across the ol and the current sapphied to the
cotl As represented by the slope of the calibration curve of the heat measuning chamber (bg 12),
the sensitiaty of the direct calormeter 1s 00052 or 031 mv/g cals s

Av shownoan fig 1300 50% response oceurred an 15 mamates and a0 1007 response e 80
mnutes Response tunes dunng heating with a constant heat load and the time necessary to re
turn to the biseline after heating was discontimued were sumriar an that about 5 mintes were
required  Numerous tests indicated that the millivoltage response of the heat measuning chamber
tor a given amount of heat mput was constant for a given water bath temperature. ()nly rupi(l
change i temperature of the surroundings disturbed the equilibrinm response.

In actual operation, the test annmal, unless o the postabsorptive state (PAS) . was intubated
with or triuned to consume i known amount of dict ina shoot time The animal was werghed and

put into the cage i the calornmeter chamber. Chumber temperature was maintained at 27°C
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THERMAL LOAD OR HEAT OUTPUT, cal /second
Fio 12 Cahbration Curves of Heat Measuring Chainber, of the Direct Animal Caloruneter

with an average ventilation rate of approximately 1554 ¢ o Thou, the moisture adsorption
tubes were werghed and anserted mto the wir sampler Because of a fast response time, data from
the direct calonmeter were recorded as soon as the aninal became acoustomed to the surround
ings an about 15 mimates

The total heat production of the test ammal was calcalated as the algebrine sum of the

cncrpy represented by (1) the area under the response curve of the heat measurmyg chamber
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(sensible heat) (20 the temperature difference of the ventilating ar as indhicated by the an
halince of the thenmopile placed at the ventilating air inlet and outlet of the chamber (no change
detected  and (3 the latent heat of the masture collected i the adsorption tubes (evaporative
heat)

Results and Discussion

The direct catonmeter has given satisfactony performance for penods ap to 15 hours danng
A total operating time of 110 hoors A summarny of results from all calonmeter experiments s
given i table XTIV o the table operational runs of more than 1 hour duration are grouped ac
cordimg to the ammal used

Total heat production values for test penods of 4 hours or more vaned Tess when presented
on i metabohe body size basis (heal/kg® ™ 240 by than ona body weaght basas (keal kg 24 hr)

With rat No 1. the vanous treatments produced o heat production of 86 10 110 keal /\p© 7% 24
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Fio 13 Tune Required to Establish Equilibriam an the Heat Measuring Chamber Under
Constant Heat Toad

Heat production of rat No 2 vaned from 86 to 116 heal kg™ 248 hr o rat No 1 about 837
of this heat was i a sensible form as compared to 869 for rat No 2

The data indicate that total heat pro duction on a 24 hour bass was not markedly affected by
fasting from 1 to 22 hours (tables XV XV or by the feedimg of a moed normal tvpe diet just
before calonmetry {tables XEXD XX) Ona himited number of expenmments wath intubated dectary
cnergy souices contamg 25 Call heat production on 1.3 butanediol (tables XX XX was
suntlar or less than that obtiwmed with water intobation (tables XX XNIV G On the other hand,
the o ponse e 2 tests wath 25 Cal of intubated sucrose solution (tables NXVOXNXN D) was preater

than toat obtaied with water, 1.3 butandio]l or fecdimg o mved dict Howeser, i one 9 hour run

commenang after teedmg o 109 13 butanediol dhet (table XXV heat prodaction was i the

notmal range Thus when 13 butanediol s mtubated or foed alone, the lower heat production oh
served may be due to slower absorption of this compound as compared to that of normal foord

components as sncrose
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Individual test heat production data are given in tables XV to XXVII. These data indicate
that, in general, heat production increases slightly during the first and second hour after feeding.
This increase does not appear to be significant. In addition, the percentage of the total 24 hour
heat production given off for a particular hour appears to be quite constant regardless of the time
of feeding.

TABLE XIV

Summary of All Calorimeter Experimental Runs

Weight Hours Run Sensi-  Evap- Total
Rat Start Loss Dietary Diet After Time Total ble orative  (kcal/kg/
g g Status Feeding hr (kcal/kg0.75/24 hr) 24 hr)
6 495 - PAS*  — 22 1 107 88 12 128
4 445 — PAS —_ 22 1 114 84 16 140
5 475 — PAS —_ 22 1 106 83 17 128
1 335 - PAS e — 22 1 117 83 17 154
1 335 - Fed Basalt 0 1 108 50 20 142
2 410 - Fed Basal 0 1 103 78 22 128
1 357 15 Fed Basal o'z 15 101 83 17 132
1 374 15 Fed Basal 5 14 91 82 18 117
1 362 - Fed Basal 5 87 85 15 113
1 385 - Fed Basal 1 11 105 87 13 134
1 367 5 PAS Watert 0 4 86 78 22 110
1 367 10 Fed Surcose$ 0 4 110 83 17 142
1 372 12 Fed BDI 0 5 86 83 17 110
9 448 14 Fed Basal ' 15 103 81 19 126
2 408 12 PAS —— 0 7 101 88 12 127
2 397 10 Fed 10% BD1 0 9 104 87 13 131
2 403 10 PAS Watert 0 4 101 83 17 127
2 392 5 Fed Sucrose$ 0 5 116 91 9 147
2 408 13 Fed BDI 0 6 86 86 14 108
TOTAL 110

*Post absortive state

$209 Casein diet

tIntubated with 10 ml water

SIntubated with 25 Cal sucrose in 10 ml volume

| Intubated with 25 Cal 1,3-butanediol in 10 ml volume
120% Casein, 10% 1,3-butanediol diet



TABLE XV
Heat Production of Rut Fed 5% Hours Before Calorimetry

Total Heat Percentage Sensible Evaporative
Hour Production of Total Heat Heat
(cal) (cal) (cal)
1 1818 6.3 1422 396
2 2337 8.1 1827 510
3 2245 78 1827 418
4 2160 75 1800 360
51 2019 7.0 1746 273
6 1951 6.8 1665 286
7 1878 6.5 1530 348
8 1783 6.2 1476 307
9 1808 6.3 1557 251
10 1851 6.4 1557 294
11 1678 5.8 1395 283
12 1940 6.7 1665 275
13 1919 6.7 1584 335
14 1739 6.0 1476 263
15 1704 59 1503 201
Total 22 830 100.0 24,030 4800

Rat number 1: fasted 16 hours before feeding; 357 g at start.
Water bath temperature: 28°C.
Air flow: 1554 cc/min.

Total heat production: 101 kcal/kg®75/24 hr.
132 kcal/kg/24 hr.

TABLE XVI
Heat Production of Rat Fed 5 Hours Before Calorimetry

Total Heat Percentage Sensible Evaporative
Hour Production of Tot Heat Heat
(cal) (cal) (cal)
1 1655 7 1248 407
2 1729 4 1422 307
3 1754 7 1504 250
4 1746  { 1450 206
5 1867 8 1436 431
6 2086 8 1490 596
7 1795 7 1503 292
8 1776 7 1490 286
9 1826 7 1598 228
10 1728 7 1463 265
11 1751 7 1530 221

&



TABLE XV (continued)

Heat Production of Rat Fed 5 Hours Before Calorimetn
o o tron ( ( f ctry *‘
Total Heat Porcentaye Sensable Favapmirative
Hour Produdction of Total Heat Heat
cabd cal cald
12 1765 7 1503 265
13 1742 g 1501 238
14 1751 N 15044 247
Total 214971 10X) 2615 1324

Rat number 103748 ¢ oat start, 359 ¢ at fhash
Water bath temperature 28 €
Air flos 15D ¢oomun

Fotal heat produaction 91 keal/Zkg® 7324 he
1T keal/kgs24 hr

TABLE XV

Hiat Production of Rat Fed 3 Hours Before Calorimetry

Potal Heat Percentag Senable Pyaporating
Hour Production of Toral Heat Heat
cal? cald feal)
! 2183 6 1551 519
L 2383 7 1773 610
3 2356 7 1908 445
| 2578 5 1984 HiY
B 2267 7 15(X) 467
6 ARG 6 1719 408
7 R 7 1827 515
5 2085 o] 15%14 HH
9 24749 7 20097 342
10 RENH o 1935 523
11 2170 6 1827 343
12 2004 6 1827 241
13 2031 T 2178 153
I 0204 7 1935 288
15 2061 6 1716 315
Fotal 34,294 100 T P 6H6H

Rat number 20 8IS ¢oat start 1221 ¢ at finsh
Water bath temperature 29 €
Vr Hlow  Tood <o

Total heat producton 103 keal kg 5024 hr
126 heal kg 24 o

3




TABLE XVIII
Heat Production of Rat in Postabsorptive State

Total Heat Percentage Sensible Evaporative
Hour Production of Tot Heat Heat
(cal) (cal) (cal)
1 2370 16 2084 286
2 2080 14 1828 252
3 2073 14 1801 272
4 2220 15 1922 298
5 2077 14 1895 182
6 2033 14 1800 233
7 1992 13 1828 164
Total 14,845 100 13,158 1687

Rat number 2: 408 g at start; 396 g at finish.
Water bath temperature: 27°C.
Air flow: 1554 cc/min.

Total heat production: 101 kcal/kg®75/24 hr.
127 kcal/kg/24 hr.

TABLE XIX
Heat Production of Rat Fed 5 Grams Basal Diet Before Calorimetry

Total Heat Percentage Sensible Evaporative
Hour Production of Tota Heat Heat
(cal) (cal) (cal)
1 1509 18 1294 215
2 1870 22 1557 313
3 1687 20 1449 238
4 1594 19 1368 226
5 1737 21 1449 288
Total 8397 100 7117 1280

Rat number 1: fed 5 g 20% casein diet, 362 g at start.
Water bath temperature: 27°C.
Air flow: 1554 cc/min.

Total heat production: 87 kcal/kg®75/24 hr.
113 kcal/kg/24 hr.
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TABLE XN
Heat Production of Rat Fod 51 Grames Basal Diet Before Calonimetry

Total Heat Percentage Senable Foapotatine
Hour Produdction of Total Heat Hewt
(cal) (cal? ceab
! 2342 10 1977 365
L 2233 Y 1923 310
} 2066 9 1761 305
! 2001 ] 1757 R=in
D R P 9 1757 256
6 2040 g 1714 321
o 2155 4 1565 2587
5 Il 4 I B 263
Y9 20143 4 IN27 216
10 2179 Y 1535 124
1] 2100 Y 1556 24
Fotal 23,266 10%) 20108 3158

Rat nenber Toded 51 ¢ 2000 casamn diet 385 ¢ ar wrae 371 ¢ at hinesh
Water bath temperature 27 C
vir Hose 105 <o omn

Total heat production 105 keal, kgt 70 24 hr
P Real gy 240 hr

PABLE NN
Heat Production of Bae Fod 20 Cal BD* Before Calornmetry

Fotal Heatt Percentae Senahle Favaporative
Hour Prododction ol Total Heat Heat
cald tcab) cal
| IS11 21 1503 308
2 1600 14 1328 2T
) 1564 19 1298 266
{ 1698 20) 1 1) 2549
) 1730 2 1136 2494
Total 5103 1(X) 6Y7T 11249

Rat nomber Tomtabated wath 01 ¢ BD and 59 il water 25 cal B 0372 ¢ ae start, 360 ¢ at

finsh
Water bath temperatare 27 €
ur How 155 ¢ o

Fotal heat production 86 keal kg 72024 by
IO keal k724 by

1 bitanediol

FCommenam wath the 2nd hour the montize collecton equaprent faded and the 2 a5 hour vadies for evapora
tive heat e estimates based an previous resalts wath thos anmal
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TABLE XXII

Heat Production of Rat Fed 25 Cal Bi) Before ¢ waornmetry

Fotal Heat P'ercentaye Sensible Eyaporative
Haour Production of Total Heat Heat
(eal) teal) cal)
] 2192 20 1519 373
2 1525 16 N7 311
3 1825 16 1517 31
{ 1778 16 1176 302
5 1746 16 1449 297
6 18512 16 1504 308
0 otal 11,154 100 9282 1902

Rat nanber 20 mtubated with 01 ¢ BID) and 5.9 ml water (25 cal BI)) L 408 ¢ oat start, 395 ¢ at

fintsh
Woater bath temperature 27 €
A How 1954 <0 man.

lotal heat production 86 keal/kg 75/24 hr
10S keal/kg/24 hr

TABLE XXIII

Heat Production of Rat in Postabsorptice State
Intubated with 10 ml Water

Total Heat Percentage Sensible Fraporative
Hout Production of Total Heat Heat
(cal (cald (cal)
| 2078 25 1638 440
2 2111 25 1734 377
) 2105 & 1774 331
4 2148 R 1828 320
Total 8442 100 6974 1468

Rat number 20 403 ¢ at start, 393 ¢ at finish.
Water ath temperature. 27°C
Ar flose I35 o/

Total heat producthon 101 keal/kg® 75 24 hr
127 keal/kg/24 hr
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TABLE XXIV

Heat Production of Rat in Postabsorptive State
Intubated with 10 ml Water

Total Heat Percentage Sensible Evaporative
Hour Production of Tota Heat Heat
(cal) (cal) (cal)
1 1851 28 1544 307
2 1655 25 1149 506
3 1655 25 1375 290
4 1491 22 1143 348
Total 6652 100 5211 1451

Rat number 1: 367 g at start.
Water bath temperature: 27°C.
Air flow: 1554 cc/min.

Total heat production: 86 kcal/kg®75/24 hr.
110 kcal/kg/24 hr.

TABLE XXV
Heat Production of Rat Fed 25 Cal Sucrose Before Caliometry

Total Heat Percentage Sensible Evaporative
Hour Production of Tota Heat Heat
(cal) (cal) (cal)
1 2513 21 2286 227
2 2326 20 2138 188
3 2323 19 2124 199
4 2390 20 2206 184
5 2328 20 2124 204
Total 11,880 100 10,878 1002

Rat nrmber 2: intubated with 6.25 g sucrose in in 10 ml water (25 cal); 392 g at start; 384 g at
finish.

Water bath temperature: 27°C.
Air flow: 1554 cc/min.

Total heat production: 116 kcal/kg®73/24 hr.
147 kcal/kg/24 hr.



TABLE XXVI
Heat Production of Rat Fed 25 Cal Sucrose Before Caliometry

Total Heat* Percentage Sensible Evaporative®
Hour Production of Tot Heat Heat
(cal) (cal) (cal)
1 1795 21 1490 305
2 2170 25 1801 369
3 2210 28 1827 383
4 2420 28 2016 404
Total 8595 100 7134 1461

Rat number 1: intubated with 625 g sucrose in 10 ml water (25 cal); 367 g at start; 357 g at
finish.

Water bath temperature: 27°C.
Air flow: 1554 cc/min.

Total heat production: 110 kcal/kg®75/24 hr.
142 kcal/kg/24 hr.

*Due to mechanical failure, moisture collection apparatus was not functioning during this test period, and the
evaporative heat values are estimates based on previous runs with this rat.

TABLE XXVII
Heat Production of Rat Fed 8.2 Grams 10% BD Diet

Total Heat Percentage Sensible Evaporative
Hour Production of Total Heat Heat
(cal) (cal) (cal)
1 1996 10 1760 236
2 1751 9 1558 193
3 1910 10 1679 231
4 2071 11 1787 284
5 1990 10 1814 176
6 2575 14 2205 370
7 2328 12 1962 366
8 2331 12 1962 369
9 2304 12 1976 328
Total 19,256 100 16,703 2553

Rat number 2: 397 g at start.
Water bath temperature: 27°C.
Air flow. 1554 c¢/min.

Total heat production: 104 kcal/kg®75/24 hr.
131 keal/kg/24 hr.
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